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The spatial uniformity and electromechanical stability of transparent, conductive films of single walled nanotubes We have prepared thin films of arc discharge single walled nanotubes by vacuum filtration. For film thicknesses greater than 40 nm, the films are of high optical quality; the optical transmission varies by <2% over the film area when measured with a spatial resolution of 4µ m. However, the films become spatially non-uniform for film thickness below 40nm. The in-plane DC conductivity correlates with the uniformity, increasing from ~3800 S/m for a 10nm thick film to ~2-2. Thin, transparent, conducting films are used for electrode applications in devices from liquid crystal displays to organic light-emitting diodes (OLEDs) and solar cells. [1] The most common materials used in such applications are doped tin oxides, notably indium tin oxide (ITO). However, ITO suffers from two considerable drawbacks. Firstly, the price of indium has soared over the last decade. Secondly, future display technology is likely to require flexible electrodes for applications such as e-paper. ITO is completely unsuited for such applications due to its brittleness, which results in irreversible loss of conductivity at strains above ~1% [2, 3] .
Thus, it is clear that an ITO substitute is needed, preferably a material whose conductivity is invariant under flexing. To meet minimum industry standards, such a material should have a sheet resistance, R s 100 Ω / coupled with an optical transparency of T 90%
(λ=550 nm). This requires a material with relatively high conductivity and yet low optical absorbance as manifested by a large ratio of DC to optical conductivity, σ DC /σ Op (optical conductivity is related to the optical absorption co-efficient) [4] . It can be shown that industry targets can only be met for a material with σ DC /σ Op 35. The search for such a material has been on-going for a number of years with thin films of carbon nanotubes being the main candidate.
Comprehensive measurements of transmittance and sheet resistance for thin nanotube films have been on-going for over 4 years. Early measurements showed σ DC /σ Op~1 . [4] However, film quality has improved very rapidly with a number of groups contributing in the race to better films [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In recent years, the best results (high σ DC /σ Op ) appear to come from films made from arc-discharge SWNTs [9, 10, 16, [18] [19] [20] . Currently, the best reported as-prepared films have values of σ DC /σ Op~1 3-16 for films prepared by spray coating home made arc discharge single walled nanotubes onto glass substrates [18] . Recently, Geng et al, reported spray coated films of pristine, commercially available, arc discharge SWNTs (Iljin Nanotech) with σ DC /σ Op =10.1 [10, 21] . These Iljin nanotech SWNTs appear to give the best results (for commercially available tubes) both for nanotube films and composites [22, 23] . More importantly, these Iljin films could be acid post-treated to give σ DC /σ Op =25. [10, 21] While acid treatment may result in the presence of mobile counter-ions [24] , to the detriment of organic devices, this work shows that the industry goal of σ DC /σ Op 35 is probably attainable. Thus, this area of research has proceeded to the point where a number of important technical points must be answered. For example, when used as electrodes for organic light emitting diodes, it is not clear how spatially uniform these films are in terms of optical transmission, local nanotube density or current injection on the nanoscale. In addition, previous work has shown the film conductivity to drop for film thickness below 40 nm [10] . However, the nature of the fall-off warrants further study. In addition, while thin transparent nanotube films have been shown to be reasonably electrically stable under bending [20, 25] , comprehensive bend and cycling tests have not been carried out.
In this paper we address these problems. We show that the fall off in conductivity at lower film thickness can be correlated with increases in film non-uniformity as measured by spatially resolved optical absorbance. At thicknesses >40nm the non-uniformity becomes thickness invariant, resulting in films with DC conductivity ~2.3×10 5 S/m. These films have σ DC /σ Op =13.0 leading to values of T=80% and R s =110 Ω / for a 40 nm thick film.
Electromechanical tests show the film conductivity to be extremely stable, changing by only a few percent over 2000 bend / release cycles.
Experimental procedure
Stock solutions of sodiumdodecylsulphate (SDS), sodium dodecylbenzenesulfonate (SDBS), lithiumdodecylsulphate (LDS), Sodium Cholate (SC) and Triton-X100, (all from Aldrich) of concentration 5mg/ml in millipore water, were prepared by overnight stirring.
These solutions were used to make stock nanotube dispersions by adding arc-discharge SWNTs (Iljin Nanotech, www.iljinnanotech.co.kr) such that the surfactant:SWNT mass ratio was 5:1 (nanotube concentration, 1 mg/mL). Each dispersion was subjected to 5 min of highpower tip sonication (VibraCell CVX; 750W, 20% 60 kHz), then placed in a sonic bath (Model Ney Ultrasonic) for 1 h, and then subjected to another 5 min of high-power sonication. They were then allowed to rest overnight before being centrifuged at 5500rpm for 90mins. The supernatant was carefully decanted and saved. The post-centrifuge nanotube concentration was determined from absorbance measurements (Cary 6000i). The supernatant was diluted with stock surfactant solution to give a final nanotube concentration of 0.005 mg/ml. Nanotube films were prepared by vacuum filtration of the above dispersions (0.005 mg/ml) using porous mixed cellulose ester filter membranes (MF-Millipore Membrane, mixed cellulose esters, Hydrophilic, 0.025 µm, 47 mm). The deposited films were washed with 200ml of millipore water followed by a wet transfer to a Polyethylene terephthalate (PET) substrate using heat and pressure [15] . The cellulose filter membrane was then removed by treatment with acetone vapour and subsequent acetone liquid baths followed by a methanol bath [15] . The film area was 36 mm in diameter. The film thickness, t, was calculated from the deposited mass per unit area, M/A, using M/A=ρt, where ρ is the film density. While the density is not known for these films, a recent survey [26] of films made from a range of nanotube types shows the vast majority to have densities between 450 and 700 kg/m 3 (nanotube networks tend to be very porous). Thus we take the density as 570±150 kg/m 3 , accepting this will result in a ~25% error in the nominal thickness and any dependant quantities such as DC or optical conductivity. In this study the film thickness ranges from ~10nm to ~100nm in thickness.
Transmission scans were made using an Epson Perfection V700 Photo flat-bed, white light, transmission scanner with a bit depth of 48 bits per pixel and a spatial resolution of 6400 dpi. The numerical output of the scanner was calibrated by scanning a range of neutral density filters. The resultant calibration curve was used to transform the output to represent transmittance. This results in a transmittance map with a transmittance value for every pixel. In some cases the transmittance was transformed to absorbance on a pixel by pixel basis using
The mean and standard deviation of the transmittance / absorbance were calculated from the entire data set ie from the entire set of transmittance / absorbance per pixel values. Scanning electron microscopy measurements were made using a Hitachi S-4300 Field Emission scanning electron microscope. Charging was avoided by transferring the nanotube film from cellulose membrane to a glass substrate coated with a thin palladium film. Atomic force microscope images were obtained using a Dimension V AFM. In order to extract the topography and conductance data simultaneously the microscope was operated in the conductance imaging mode (C-AFM). In this technique the AFM tip acts like a mobile probe on the surface and is held at ground potential and a DC bias is applied to the sample. The z feedback signal is used to generate a normal contact mode AFM topographic profile and the current passing between the tip and the sample is measured using a preamplifier to generate the conductance image. A bias voltage of 0.2mV up to 1V is applied to the electrode on the surface that drives current through the tubes. A current range of 2pA to 1µA can be detected by the preamplifier in the CI-AFM module. For this purpose a Cr/Pt coated conductive tip with a force constant of 3N/m and a resonant frequency of 75 kHz was employed. In all cases, the loading force employed during measurement was approximately 15nN. (The tips were purchased from Budget Sensors, ElectriMulti 75). Optical transmission spectra were recorded using a Cary Varian 6000i, with a sheet of PET used as the reference. Sheet resistance measurements were made using the four probe technique with silver electrodes of dimensions and spacings typically of ~mm in size and a Keithley 2400 source meter. Electromechanical measurements were made using a Zwick Z0.5 Proline tensile tester. The nanotube film on PET was bent into a semicircle which was constrained by the grips of the tensile tester. The film was connected via two electrodes (attached to the grips) to a Keithley KE 2601. The bend radius was then defined by the distance between the grips. The inter-grip distance was then oscillated between typically 15mm and 5mm over many cycles. LabVIEW software recorded film resistance, inter-grip distance and cycle number.
Results and Discussion
Before carrying out detailed measurements on thin films of carbon nanotubes, we felt it necessary to test the dependence of film electrical properties on the surfactant used to disperse the nanotubes prior to film formation. As the surfactant used affects the quality of nanotube dispersion, namely the bundle diameter distribution [27] , and the film conductivity is known to depend strongly on the mean bundle diameter [12, 26] , we expect surfactant choice to influence the final film conductivity. Thus we prepared films of 50 nm thickness from SWNTs dispersed using five common surfactants: (SDS, SDBS, LDS, SC, Triton-X100). We found the conductivities of these films to be (2. We suggest that the deviation of the Triton results is due to lower dispersion quality and hence a poorer quality film. Due to their popularity, we chose to focus on SDBS and SDS for the remainder of this work.
Shown in figure 1A and B are photographs of films of Iljin SWNT (SDS) with thicknesses of 40 and 80 nm respectively. The film quality is immediately apparent. To explore this in more detail we made transmission scans of the same films ( figure 1C and D) . These scans are effectively white light transmission maps of the films. We performed scans with a spatial resolution of 4 µ m (6400 dpi). The spatially averaged white-light transmittances were 75% and 61% for the film 40 nm and 80 nm films respectively. The uniformity of these films is given by the standard deviation of the transmittance, calculated over the entire film area, which were 0.9% and 1.1% for the 40 nm and 80 nm film respectively. The ratios of standard deviation transmission to mean transmission for these films were 1.2% and 1.8% respectively. The low value of this quantity indicates the very high quality and optical uniformity of these films.
In order to characterise the film morphology we carried out SEM on nanotube films as a function of thickness. This is important as nanotube film conductivities scale with bundle diameter and film density. [26] Representative images for the SDS based films are shown in figure 2A -C for films of 20, 40 and 80 nm thick. Such images are typical of SWNT networks and show a porous network. For all thicknesses, the mean bundle diameter was invariant at ~20nm. In addition it appears as if the 20 nm thick film is less uniform than the thicker films, a point we will discuss below.
We further characterised the film morphology using AFM and C-AFM. Shown in figure   2D is an AFM image of the surface of a 10nm thick film of Iljin SWNTs prepared from SDS.
We emphasise that this is an average thickness, calculated from a deposited mass per unit area figure 2D showing a network of SWNT bundles from which current can flow out of the plane of the film. This is important as it shows that current can be gathered uniformly from all areas of the surface of these films. This is a critical property for any material with potential for use as an electrode.
Interestingly we sometimes see domains of aligned nanotube bundles ( figure 2F ). We hypothesise that the formation of these regions may reflect the presence of a nematic phase of bundles in the dispersion.
For both SDS and SDBS films, the transmission spectra ( figure 1E ) were relatively featureless, displaying a slight dip around 700 nm which we associate with the presence of S 22 optical transitions. Sharp transitions associated with van Hove singularities are not observed, probably due to broadening associated with nanotube aggregation [28] . In all cases the transmittance decreased with increasing thickness, while the spectral profile remained invariant. Shown in figure 3A is the transmittance, T, (λ=550 nm) as a function of film thickness, t. For both film types, T falls from ~95% for 10nm thick films to ~60% for 100nm
thick films, with all data falling on the same line. By modelling the interaction of thin conducting films (t<<λ) with light, it has been shown that the transmittance is related to the film thickness by [4, 29] 2 0 ) ( 2 1 ) (
where Z 0 is the impedance of free space (377 Ω ) and σ Op is the optical conductivity. This expression has been fitted to the data in figure 3A as shown by the dotted line. This curve fits both data sets well giving σ Op =1.7±0.4×10 4 S/m (λ=550 nm), reasonably close to previously measured values of ~1.5×10 4 S/m for thin films of both Iljin SWNTs [21] and laser produced SWNT [30] . This agreement shows that our thickness calculation is reasonably accurate.
The measured sheet resistance for both surfactant types is shown in figure 3B as a function of film thickness, varying from ~3kΩ / for t=10nm to 50-70 Ω / for t=100nm. It is immediately clear that the SDS based films are slightly less resistive than the SDBS based films. As shown by the dotted lines, both data sets scale well as t R DC s σ / 1 = for t>40 nm, suggesting the film morphology becomes thickness-invariant above this thickness. The DC conductivity is shown in figure 3C as a function of thickness. In line with the sheet resistance data, the conductivity is reasonably constant at higher values, but falls off below t=40nm. The thicker films have conductivities (t>40nm) of σ DC ≈1.9±0.5×10 5 S/m and σ DC ≈2.3±0.5×10 5 S/m for SDBS and SDS based films respectively. These conductivities are exceptionally high. The state-of-the-art for thin (un-doped) nanotube films is σ DC ≈1.5×10 5 S/m which was measured for spray cast networks of Iljin SWNTs [21] . We speculate that the high conductivity of these films is due to the length of these Iljin SWNTs. We performed AFM measurements on sparse deposited networks. This allowed the measurement of bundle lengths. We measured lengths between 1 and 10 microns with a mean and standard deviation of 3.5µ m and 2 µ m respectively. For comparison purposes, we carried out the same measurements for sparse networks of Hipco SWNTs prepared under similar conditions, measuring a mean and standard deviation of 0.8 µ m and 0.4 µ m respectively.
As the conductivity of the nanotube films is expected to scale with bundle length [12] , L, as
, we believe the length of these tubes to be an important factor contributing to the high conductivity of these films.
A number of recent papers have found a fall-off in conductivity at low thickness, similar to that observed here [10] . In very thin films, this can be attributed to percolation effects [4] . We propose that a network above the percolation threshold can be characterised by non-uniformities in areal nanotube density when measured on length scales similar to the mean nanotube length. We can explore this effect in more detail by measuring the local nonuniformity of the films as a function of thickness. We do this by recording transmission scans (pixel size 4 µ m) of a number of the films discussed above. We transform the resulting transmission maps into absorbance (A) maps using log A T = −
. By the Lambert Beer law, the absorbance is proportional to the number of absorbing objects per unit area. This means the absorbance map is a measure of the spatial distribution of nanotubes per 4 µ m pixel. For our purposes, we define the non-uniformity as the standard deviation of absorbance as measured over a 2mm×2mm grid (500×500 pixels). We associate a large degree of non-uniformity with a high standard deviation. We plot the data for non-uniformity versus sample thickness in figure   3D . It is clear from this data that the non-uniformity is constant for thicker films but increases sharply for films thinner than 40nm. This increase in non-uniformity correlates almost exactly with the thickness below which the conductivity falls off. Thus, we can observe a percolated network becoming bulk-like by measuring when the uniformity becomes invariant with thickness.
We have investigated the uniformity of these nanotubes films using spatially resolved transmission/absorbance measurements. However, we note that our results apply only to the type of films studied in this work ie those produced by vacuum filtration. knowledge, the state-of-the-art T, R s data for as-prepared nanotube films, such as those presented here, results in σ DC /σ Op =13-16 [18] . The best results for as-prepared films produced from commercially available nanotubes have been for films of Iljin SWNTs, giving σ DC /σ Op =10.1 [21] . Thus our SDS data is slightly ahead of the state-of-the-art for as-prepared films of commercially available SWNTs.
However, as mentioned above, industry requires R s 100Ω / coupled with T 90% (λ=550 nm) for a material to qualify as an ITO replacement. Using equation 2, this means σ DC /σ Op 35.
As σ Op is more or less fixed in these films, this means we need to increase σ DC by a factor of ×2-
to ~5×10
5 S/m to meet industry requirements. We note that the state-of-the-art as-prepared samples described above were improved by ×2.5 by acid post-treatment, resulting in σ DC /σ Op =26.
However, this technique is problematic if the nanotube films are to be used as electrodes in Thus, a decrease in bundle diameter by only a factor of ×0.7 to ~15 nm would be enough to increase σ DC /σ Op by ×2.8.
As mentioned above, these films have optical and electrical properties close to what is required to replace ITO. However, they are potentially even more useful as a flexible, transparent, electrode material. Such a material is of considerable interest as an electrode in applications such as e-paper. To test this, we prepared Iljin SWNT films on PET, made from SDS and SDBS at a number of thicknesses. In addition we prepared a 60 nm thick ITO film for comparison. In each case we monitored the sheet resistance during bending with the nanotube film both in tension and in compression. The films were bent from an initial radius of curvature of 7.5 mm to a final radius of 2.5 mm before being relaxed. Shown in figure 5A is the sheet resistance versus radius of curvature during both the bending and release phase (note that the magnitude of the average strain felt by the film is plotted in the top axis [31] ). As expected [2, 3] , ITO fails catastrophically on tensile bending, with the sheet resistance increasing irreversibly by almost two orders of magnitude. In comparison, the sheet resistance of the SDS-based Iljin films (figures 5B-E) vary by <1% during both bend and release phases for films both in tension and compression. In contrast, while the SDBS film was very stable in tension, its sheet resistance varied significantly while bending in compression.
While these nanotube films are clearly relatively stable during one bend cycle, it is important to ascertain their stability over many bend cycles. Shown in figure 5F -J is the mean sheet resistance per cycle plotted versus cycle number for the same films examined in figure   5A -E. In figure 5F , we show cyclic test data for an ITO/PET film in the inset. In this case to avoid immediate failure, the film was tested at much lower curvature with minimum bend radius on each cycle of only 20 mm. The sheet resistance of this film increased by a factor of ×8 before failing around cycle 150. In contrast, the sheet resistance of the SDS-Iljin films fell by <5% in compression and <2% in tension over ~2000 cycles. The SDBS-Iljin films were similarly stable in tension but underwent a decrease in R s of ~8% when cycled in compression.
Note that none of these nanotube films failed during these measurements. The number of cycles was limited by time constraints.
Conclusions
We have prepared thin, flexible nanotube films with DC conductivity surpassing the state of the art. Initial tests have shown that dispersing the nanotubes with the surfactant sodium dodecyl sulphate gives the most conductive films. We find that the optical transmittance of SDS-prepared films scales with thickness as expected for a thin metallic film.
Data analysis gives a value for the optical conductivity (λ=550nm) of 1.7× 10 4 S/m, similar to previous measurements. For thicknesses above 40 nm, the in-plane conductivity is constant at ~2×10 5 S/m. However, below 40nm, the conductivity falls off rapidly. This behaviour correlates with measurements of the film non-uniformity which show films with t<40nm to be significantly less uniform. Conductive AFM measurements show the current flow out of the film to be very uniform on length scales greater than ~2µ m. For films with t>40nm the ratio of DC to optical conductivity was σ DC /σ Op =13.0, leading to values of transmittance and sheet resistance such as T=80% and R s =110 Ω / for the t=40 nm film. We have characterised the electromechanical stability of our films by monitoring the sheet resistance during bending. We monitor sheet resistance during one bend-release cycle as a function of strain for films bent both in tension and in compression. In addition, we monitor the average resistance per cycle over many bend cycles. We find the resistance change to be very small over the first cycle and typically <5% and <2% over >2000 cycles for films bent in compression and tension respectively. We believe that these results show that, pending a factor of ×3 increase in conductivity, these materials are suitable for use as an ITO replacement material. a bend cycle where the bend radius is reduced from 7.5 mm to 2.5 mm before relaxing back to 7.5 mm. Shown on the top axis is the strain associated with these bend radii. The ITO sample was measured in compression only, while the nanotube samples were measured both in tension and compression. Note that ITO fails completely under these conditions with R s remaining at
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4 Ω / when the sample was released (upper portion of curve). In contrast, the sheet resistance of the nanotube films vary by no more than 5%. F-J) Average sheet resistance per cycle for films identical to those in A-E) as a function of cycle number. For the nanotube films, each cycle was a bend-relaxation cycle as described above. However, to avoid failure on the first cycle, the ITO film was only bent to a radius of 20 mm. Note that while the ITO film
